Early environments can profoundly influence an organism in ways that persist over its life. In reptiles, early thermal environments (nest temperatures) can impact offspring phenotype and survival in important ways, yet we still lack an understanding of whether general trends exist and the magnitude of impact. Understanding these patterns is important in predicting how climate change will affect reptile populations and the role of phenotypic plasticity in buffering populations. We compiled data from 175 reptile studies to examine, and quantify, the effect of incubation temperature on phenotype and survival. Using meta-analytic approaches (standardized mean difference between incubation treatments, Hedges' g), we show that across all trait types examined there is, on average, a moderate to large magnitude of effect of incubation temperatures (absolute effect: |g| = 0.75). Unsurprisingly, this influence was extremely large for incubation duration, as predicted, with warmer temperatures decreasing incubation time overall (g = −8.42). Other trait types, including behaviour, physiology, morphology, performance, and survival experienced reduced, but still mostly moderate to large effects, with particularly strong effects on survival. Moreover, the impact of incubation temperature persisted at least one-year post-hatching, suggesting that these effects have the potential to impact fitness in the long term. The magnitude of effect increased as the change in temperature increased (e.g. 6
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I. INTRODUCTION
The majority of living organisms spend the most formative part of their life, embryonic development, exposed to the vagaries of the environment. Despite the environmental buffering afforded by parental resources, protective membranes, and favourable microhabitats (Roach & Wulff, 1987; Refsnider & Janzen, 2010) , an embryo has no alternative but to develop in the microhabitat in which it settles, coping with often unpredictable or fluctuating environmental conditions. These conditions influence development (developmental plasticity), producing phenotypic variation that contributes crucially to ecological and evolutionary dynamics (Sultan, 2007; Uller, 2008; Moczek et al., 2011) .
While many vertebrate embryos are conspicuously shielded from environmental fluctuations via parental care (i.e. egg-tending and viviparity; Reynolds, Goodwin & Freckleton, 2002; Mank, Promislow & Avise, 2005) , reptiles typically deposit their eggs in an untended nest (Reynolds et al., 2002) . Terrestrial nests of reptiles vary and fluctuate in temperature and moisture content (e.g. Mrosovsky, 1992; Wood & Bjorndal, 2000; Morjan, 2003; Glen & Mrosovsky, 2004; Warner & Shine, 2008; Telemeco, Elphick & Shine, 2009; Schwanz et al., 2010) . Moreover, incubation conditions can influence the phenotype of hatchling reptiles, impacting survival, morphology and behaviour (Deeming & Ferguson, 1991; Deeming, 2004; Booth, 2006) . The basic assumption that incubation temperatures vary and are important for reptile phenotype and survival provide a foundation for many fields of research. For example, it underpins research on maternal nesting behaviour (Schwanz & Janzen, 2008; Warner & Shine, 2008; Refsnider & Janzen, 2010) and the predicted impacts of climate change (Janzen, 1994; Hawkes et al., 2007; Mitchell et al., 2008; Boyle et al., 2016) . Additionally, it features in understanding demographic and evolutionary dynamics in reptiles (Girondot et al., 2004; Schwanz et al., 2010; Boyle et al., 2014) and forms the basis for adaptive explanations of variation in sex-determining mechanisms (i.e. genotypic or temperature-dependent; Shine, 1999b; Pezaro, Doody & Thompson, 2016; Schwanz et al., 2016) , maternal effects, and the evolution of viviparity [i.e. the maternal manipulation hypothesis (MMH); Shine, 1995; Schwarzkopf & Andrews, 2012] .
Despite an extensive literature, general patterns of how incubation temperature impacts embryonic and post-hatching phenotype are unknown. Qualitative reviews of the topic suggest that warmer temperatures can both increase or decrease trait values, or have no significant impact, depending on the species and study (Deeming & Ferguson, 1991; Deeming, 2004; Booth, 2006) . While species-specific patterns are exceptionally useful in understanding a single species, describing general patterns would expand the field in many ways. For example, we could predict the direction or magnitude of phenotypic change when nest temperatures warm in understudied species. In addition, if we knew which phenotypes are most strongly impacted by incubation temperature and whether this phenotypic variation persists as individuals age, we could estimate fitness consequences. Moreover, a basic understanding of developmental plasticity provides insight into the adaptive significance of maternal nesting behaviour and sex-determining mechanisms.
It is unsurprising that the impact of increasing incubation temperatures is so variable when considering several crucial biological factors. First, specific traits may be sensitive in different ways to temperature or have counter-intuitive links with fitness (Deeming, 2004 ; 'propensity to run' sensu Janzen, 1995) . Second, we expect nonlinear relationships between developmental rate, phenotype and temperature (i.e. reaction norms; Georges et al., 2005) . For example, the relationship may monotonically increase or decrease (Fig. 1A ). This type of relationship is common, for example, for incubation duration (e.g. Lowenborg et al., 2010; Rodriguez-Diaz et al., 2010) . Alternatively, the relationship may be concave down (or concave up), with a temperature of peak phenotypic value (i.e. an optimal temperature) and lower phenotypic values as temperatures become increasingly hot or cold (Fig. 1B) . This type of reaction norm is expected for hatching success (e.g. Spotila et al., 1994; . Whereas linear reaction norms allow simple predictions regarding effect sizes as temperature change increases, the same is not necessarily true of nonlinear reaction norms (Table 1) . For a monotonic, nonlinear relationship, the magnitude of the effect becomes greater as the temperature increase becomes larger; that is, we predict a 6
• C increase in temperature to have a greater effect on phenotype compared with a 2
• C increase in temperature (Fig. 1A) . Moreover, the effect of a given change in temperature (e.g. 2
• C) is always in the same direction (positive or negative), but the effect magnitude depends on whether the temperatures studied fall in an area of the reaction norm characterized by a steep relationship or a shallow tail. By contrast, for a concave reaction norm (Fig. 1B) , greater increases in temperature (e.g. 5
• C) may often lead to larger phenotypic effects than smaller increases (e.g. 1
• C), but very large increases in temperature (e.g. 10
• C) may have a small effect. Similarly, the magnitude and sign (positive or negative) of the effect depends entirely on whether the mid-temperature falls along a steep or shallow section of the reaction norm, and whether it is a relatively cold or hot part of the reaction norm.
To examine whether general patterns exist in the impact of incubation temperature and which biological factors contribute variation to this impact, we conducted a systematic review and meta-analysis of the literature. For each pairwise temperature comparison in each paper, we calculated 'the effect' (see Section II.2) on phenotypic value of increasing incubation temperature. A standardized meta-analytic 'effect size' allows comparison across a wide variety of measurement units, permitting consideration of diverse phenotypes. Specifically, we asked: (i) whether the effect of incubation temperature varies across reptilian order and the type of phenotype measured; (ii) how the effect depends on the specific temperature regime, including thermal fluctuations of incubation treatments (e.g. Georges et al., 2005; Booth, 2006) ; and (iii) whether the effect persists as animals age.
II. METHODS (1) Literature search and data collection
We report our systematic literature search following, in part, the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement (see online Fig. S1 ; Liberati et al., 2009) . We conducted a literature search using ISI Web of Science (v.5.13 .2) with the 'title' or 'abstract' search terms, temperature* AND incubat*, along with one of the following: reptil*, lizard*, squamat*, snake*, turtle*, chelon*, testudin*, crocodil*, alligator*, tuatara*, sphenodon*. We cross-referenced this search with articles published in three major qualitative reviews: Deeming & Ferguson (1991) , Deeming (2004) and Booth (2006) , and included any papers missed in our initial search. While it is possible that our search missed or excluded some papers, it yielded a large, unbiased sample of studies indexed up to 15 January 2016. Our search generated 1319 unique papers. To be included in the meta-analysis, the paper had to conduct experimental incubation of reptile eggs (turtles, snakes, lizards, crocodiles, tuatara) under two or more incubation temperatures within 48 h of oviposition and to report data on incubation duration, hatching success, or post-hatching traits. We considered only papers published in 2014 or earlier, as prior database searches revealed that there is a substantial lag time in publication date and indexing in Web of Science, and we wanted to have a complete sample over a given time interval. We eliminated 658 studies based on the title and abstract as they did not meet the inclusion criteria.
The remaining 661 papers were further scrutinized. In addition to the above criterion, treatments, pairwise comparisons or entire papers were excluded if: (i) the species studied was viviparous; (ii) hormones were added to the eggs; (iii) the incubation period was incomplete or some other alteration of the egg was performed; (iv) the study used a temperature-shift experiment (i.e. moved eggs from one temperature to another during incubation); (v) incubation temperature comparisons were confounded with another factor such as year of study, population, maternal environment, or offspring post-hatching environment; (vi) the study reported reproductive traits of adults that had been incubated under different temperatures as these data were available in only one study; (vii) incubation temperature pairs differed in another incubation factor (e.g. moisture, fluctuation) in multi-factorial experiments (we only extracted relevant comparisons from thermal treatments that controlled for these effects). Following these exclusion steps, we had 179 papers with extractable data. Finally, we decided not to use data on sex ratio for the present analyses, as it is given that the effect sizes would differ dramatically between species with temperature-dependent sex determination (TSD) and genotypic sex determination (GSD), leaving a total of 175 studies from which data were extracted.
Hypotheses for the evolution of viviparity in reptiles are based on the importance of developmental (e.g. gestational) temperature for offspring traits (Shine, 1995 (Shine, , 2014 ; thus examination of effect sizes under different gestational temperature treatments would be useful in testing these hypotheses. However, we excluded viviparous taxa from our study for a number of reasons. First, it has been argued that effective tests of adaptive hypotheses require an understanding of how offspring traits relate to fitness directly and how maternal fitness is impacted (Schwarzkopf & Andrews, 2012) . While many of the studies did quantify traits indirectly related to fitness, almost none quantified more direct estimates, such as survival. Second, it was clear that thermal manipulations during gestation were highly variable across studies, making comparisons within viviparous taxa and with oviparous taxa challenging. Specifically, some studies held pregnant females at constant (forced) temperatures with no fluctuation during gestation (N = 7), whereas others depressed the temperature at night, leading to uneven levels of temperature fluctuations among treatments (N = 6). Alternatively, many studies did not manipulate body temperature directly, but rather manipulated thermoregulatory opportunities for females (N = 13); these treatments would be difficult to compare to oviparous taxa. Lastly, the smaller number of studies made it challenging to account for, or understand, how effect size may be impacted by temperatures within thermal treatments or different experimental designs. Given these limitations, we felt that a quantitative synthesis of studies on viviparous taxa would best be addressed in a completely separate analysis where the unique challenges and opportunities afforded by viviparous research could be addressed appropriately. Nonetheless, Table S1 provides readers with a qualitative overview of studies conducting early thermal manipulations during gestation in viviparous taxa.
From the 175 studies, we extracted either (i) means, standard deviations (or standard errors/confidence intervals) and sample sizes, or (ii) proportions and sample sizes for each incubation temperature and response variable reported in the text, tables and/or figures. When both raw and adjusted (e.g. least-square) means were available we used the raw data. Data presented in figures were extracted using DataThief v.1.7 (http://datathief .org/). We contacted authors requesting clarification, raw data or summary statistics where necessary. Any data where means, errors and sample sizes could not be obtained were excluded. Additionally, we took a conservative approach by excluding data with replicate samples in a treatment group, but that had a standard deviation/error of zero (N effects = 52).
(2) Effect size calculation
Traits varied in their units of measurement so we calculated unbiased standardized mean differences, Hedges' g (Borenstein et al., 2009) , as our 'effect size'. Each effect size is a pairwise difference between two incubation temperatures and allows comparisons of trait types that vary in their unit of measurement as mean differences are standardized by their pooled standard deviation (see Appendix S1). In all cases, the mean trait value at the colder temperature was subtracted from the mean trait at the warmer temperature. Therefore, the value represents the effect of increasing incubation temperatures (Fig. 1) . Positive effect sizes represent larger mean values for the hotter incubation treatment, whereas negative effect sizes represent incidences where the colder incubation temperature resulted in larger mean responses. While most traits were presented as means and errors, some were provided as proportions (e.g. hatching success, survival, proportion fleeing), therefore, we calculated log odds ratios (lnOR) and converted these estimates to Hedges' g for analysis so that effects could be compared (Borenstein et al., 2009) .
We used Cohen's (1988) benchmarks when interpreting the magnitude of effect sizes classifying small, medium and large effects as 0.2, 0.5 and 0.8, respectively. We recognize that these benchmarks should be used as a guide rather than strict thresholds (Fritz, Morris & Richler, 2012) . In our study, a single paper often presented results from multiple incubation treatments (range = 2-15 incubation treatments) and we calculated Hedges' g for all pairwise comparisons. Although this approach introduces a correlation structure between thermal treatments for a given trait it ensured that the maximum amount of data was used (Noble et al., 2017a) . We discuss the results of sensitivity analyses (Nakagawa et al., 2017; Noble et al., 2017a) to test the impact of within-study correlations in Appendix S4, and some caveats of using Hedges' g in Appendix S1.
(3) Moderator variables and predictions
Studies were highly heterogeneous in their methods, species, temperature treatments applied and response variables measured. As such, in addition to recording the species and study for each effect size, we recorded a number of moderator variables likely to explain heterogeneity in effect sizes, the first six of which we were primarily interested in and the last three we considered confounding variables.
(a) Order
We predicted that the effect of incubation temperature would differ across the four reptilian orders.
(b) Trait category
We predicted that the effect of incubation temperature would differ depending on the phenotypic trait being measured, therefore we categorized effect sizes as being derived from one of seven different trait types (Table 2) : (i) incubation duration; (ii) behaviour; (iii) development; (iv) morphology; (v) performance; (vi) physiology; or (vii) survival. These categories largely followed those described by Deeming (2004) . We categorized incubation duration as a separate trait category because we predicted that incubation temperature should have a strong negative overall Hedges' g (Birchard, 2004) . We therefore considered incubation duration as a positive control that allowed comparisons with other trait types. We recognize that some trait values carry obvious directionality (e.g. bigger, faster, higher concentrations) that can be generalized and summarized, whereas other trait values (e.g. gaping behaviour, cognition) do not. For some traits directionality can vary, depending on how they were presented in the paper. For example, papers may report 'running speed' (m/s) or 'time to move 1 m' (s). These both measure locomotor performance, but in reciprocal units. Without the raw data points, measures of time (t) cannot be converted to (1/t) to have comparable directionally to 'speed'. Thus, higher values of locomotion nearly always indicate 'faster', but sometimes include 'required more time'. This variation complicates interpretation of the direction of the effect size, but does not affect its magnitude (see Section II.4).
(c) Temperature difference between the paired temperature treatments
We predicted that this variable would affect the strength of effect sizes, in linear and nonlinear reaction norms. Larger differences between thermal treatments should result in larger effect sizes compared with more similar thermal treatments (but see Fig. 1 ).
(d) Mid-temperature between the paired temperature treatments
Due to our expectation that many developmental reaction norms would be nonlinear, we predicted that the effect size would vary as a function of the mid-temperature between treatments, in a linear or nonlinear fashion (Fig. 1) . However, due to potential variation in the reaction norms, we had no a priori prediction of the exact nature of these impacts.
(e) Thermal fluctuations in temperature treatments
Incubation treatments differed in how variable temperatures were around a mean treatment temperature. Eggs were either incubated at 'constant' temperatures (± ≤ 0.5
• C) or thermally 'fluctuating' incubation temperatures (± > 0.5-7.5
• C). Given that most studies were incubated at constant incubation temperatures, this distinction led to a highly-skewed distribution when looking at fluctuation as a continuous variable. To avoid problems when modelling, we categorized studies as coming from either a 'constant' or 'fluctuating' incubation regime. Not all studies reported temperature variability in treatments and we assumed that these were constant (i.e. 0). We predicted that effect sizes in fluctuating thermal treatments would be lower compared to treatments where eggs were incubated at constant temperatures. This prediction is based on the fact that, when temperatures fluctuate, they experience a greater range of temperatures, and two thermal regimes thus share more temperatures in common. This is akin to comparing two frequency distributions where either: (a) the standard deviation is very low and the distributions are very different (constant treatments) or (b) the standard deviation is very high and the distributions overlap considerably (fluctuating treatments).
(f ) Age of measurement
Effects of early environments have been shown to have an impact on phenotypes in early ages (Burton & Metcalfe, 2014) , and while some studies show long-term effects of early environments throughout life (Kerr et al., 2007) , these are predicted to decrease as individuals age (Deeming, 2004) .
We therefore recorded the age, in days, that phenotypes were measured and categorized them into one of four age categories: (i) 0-10 days; (ii) 11-180 days; (iii) 181-365 days; and (iv) >365 days post-hatching. The age for survival data was the end of the interval over which survival was assessed.
We modelled age as a categorical variable, as opposed to a continuous one, given the few studies measuring phenotypes beyond 6 months and because this made it easier to calculate the mean magnitude (absolute value) of effects. Different reptilian orders vary in their overall longevity, possibly making comparisons across disparate groups challenging using absolute age measurements. While using a proportional value of age (i.e. a proportion of total longevity for each species) may overcome this challenge and test interesting biological questions, it is difficult to acquire such data for long-lived and cryptic taxa, thus limiting our sample size. Importantly, all orders were represented across all age categories in our study, preventing confounds between age and order.
(g) Egg randomization strategy
Studies differed in how eggs were allocated to each incubation treatment and we categorized effect sizes as coming from one of four types of egg-incubation design: 'split clutch pseudo', 'split clutch', 'independent pseudo' and 'other'. Studies categorized as 'split clutch pseudo' distributed eggs from a single clutch evenly across multiple incubation treatments regardless of the size of the clutch. This practice resulted, at times, in high levels of non-independence because many eggs from a single female were represented in multiple incubation treatments (Noble et al., 2017a ) (see online Appendix S1 for further discussion). This contrasted with studies that utilized a 'split clutch' design where a single egg from a clutch was represented in each of the incubation treatments. In some studies, each incubation treatment was composed of eggs from independent females (i.e. clutches in one treatment only), although eggs from the same female were often treated as replicates ('independent pseudo'). When it was not possible to determine the egg-allocation strategy, we categorized studies as 'other'. We acknowledge that levels of this categorical variable in some cases have a taxonomic bias by virtue of some groups (e.g. geckos, small skinks) having small (often only two eggs) clutch sizes and so most studies categorized as 'split-clutch' were biased towards these groups.
(h) Data type
Studies presented both raw and adjusted means for incubation treatments. While we chose raw data over adjusted data when possible, in some cases only adjusted data were presented. To test whether this difference explained variation in effect sizes we categorized data presented as least-square means or adjusted ('adj') means separately from raw data ('raw').
(i) Sex ratio of sample
Incubation temperatures affect sex ratio in many reptile groups which can lead to differences in phenotypes between incubation treatments being driven by sex differences rather than incubation treatment per se. Sexes often show little phenotypic differences at early ages (reviewed in Badyaev, 2002) and most studies presented data from hatchlings. As such, sex ratio changes were unlikely to explain much variation in effect sizes. Nonetheless, we attempted to control for these effects by categorizing the sex of the samples for each incubation treatment ('male', 'female' or 'mixed') when sex ratio data were available, and then created a three-level categorical predictor that accounted for same sex, mixed sex and opposite sex comparisons (i.e. 'mixed.sex' 'same.sex', 'diff.sex'). This categorical moderator variable also dealt with situations where male and female data were presented separately within papers. If the species was known to have TSD we attempted to account for sex differences of samples if sex ratio was known. Where no sex ratio data were available we assumed a 'mixed' sex sample for each treatment.
(4) Meta-analysis
We performed meta-analyses using Hedges' g as well as the absolute value of Hedges' g (|g|), which we interpret as the 'magnitude' of the effect size. We analysed |g| because we were specifically interested in testing whether incubation temperature drove large effects on phenotypes regardless of directionality, particularly because a priori predictions on directionality were not always possible. We implemented Bayesian meta-analytic random effects and meta-regression models in R (v.3.2.1; R Core Development Team) with the MCMCglmm package (Hadfield, 2010) using traditional meta-analytic approaches that accounted for measurement error and sources of non-independence. Absolute effect sizes follow a folded-normal distribution (Hereford, Hansen & Houle, 2004; Kingsolver et al., 2012) , so we applied posterior distributions of parameters from Gaussian models to the folded normal distribution in order to obtain mean and credible intervals for absolute magnitudes (i.e. 'analyse and transform' sensu Morrisey, 2016a,b) . Doing so provides estimates and credible intervals for parameters that relate to absolute effect sizes. However, we were also interested in modelling and predicting the effect of incubation temperature on absolute effect sizes as a function of temperature-related variables (Section II.3). Given that the folded normal distribution is not yet implemented as a family for modelling continuous predictors, we modelled absolute effect size assuming a log-normal error distribution (see this section below). For all our models, we first ran three independent MCMC chains and tested chain convergence using the Gelman & Rubin (1992) convergence diagnostic (PRS < 1). MCMC chains were run for 510000 iterations with a 10000 iteration burn in and a thinning interval of 1000. In total across the three chains, we ran 1500000 iterations sampling 1500 iterations from the posterior distribution. We ensured there was low autocorrelation (lag values < 0.1) within our MCMC chains and explored plots of MCMC chains to ensure they were mixing well. We used non-informative uniform priors for our fixed effects and inverse-Wishart priors for our random effects (Hadfield, 2010) . We also used parameter-expanded priors for our random effects, however, these results did not differ from other parameterizations and so we only present models that use an inverse-Wishart prior (V = 1, nu = 0.002). Once we verified that chains were not affected by starting values, we re-ran our models using a single chain (burn in = 30000, iterations = 1500000, thinning = 1000) to obtain posterior estimates of our parameters. Throughout, we present the mean and 95% highest posterior density intervals (95% credible intervals) of the posterior distribution. Credible intervals not overlapping each other and the value zero suggest statistical significance.
Obtaining a fully resolved phylogenetic tree with branch lengths for diverse taxa is notoriously difficult given that homologous character data are often not available across disparate lineages, and tree topology can be unresolved (Chamberlain et al., 2012; Hinchcliff et al., 2015) . Nonetheless, ignoring phylogenetic relatedness among species can affect meta-analytic results (Chamberlain et al., 2012) . In an attempt to account for phylogenetic non-independence, we derived a phylogenetic tree describing the hypothesized relationships among taxa using the open tree of life database (Hinchcliff et al., 2015;  https://tree.opentreeoflife.org). The open tree of life (OTL) constructs tree topology by synthesizing existing phylogenetic trees along with taxonomic data from published research (Hinchcliff et al., 2015) , where taxonomy contributes to tree topology when no phylogenetic trees are available. The OTL does not provide branch lengths and so we were not able to account for evolutionary divergence times between taxa in our analysis. We obtained a phylogenetic tree for the taxa in our data set by resolving synonymous taxonomic names and obtaining tree topology for existing taxa in the OTL database. We resolved polytomies and the placement of un-matched taxa by supplementing tree topology with existing phylogenetic relationships presented in Pyron, Burbrink & Weins (2013) and Jin & Brown (2013) . The 'resolved' phylogenetic tree used for analyses is provided in Fig. S2 . Not all species were present for all analyses, therefore we pruned the tree by dropping taxa not present in respective data sets. Given that we were not able to include divergence times, our tree should be considered only a rough estimate of phylogenetic relationships. We derived a phylogenetic correlation matrix (A) by estimating branch lengths using Grafen's method (Grafen, 1989) , where lengths are assigned to each edge on the phylogenetic tree and the correlation between species is obtained by calculating the total length from the root of the tree to each species' node. In addition to including phylogenetic relationships, as a sensitivity analysis, we also included a nested taxonomic random effect in a separate model; this gave nearly identical results to models with phylogeny and so is not presented here.
We first ran an intercept-only multi-level meta-analytic model (MLMA) to obtain an overall mean estimate for all trait types (except incubation duration) and determine the relative amount of heterogeneity in effect sizes explained by various random effects. We ran a separate intercept-only model for incubation duration data because we had strong a priori predictions that incubation duration should be inversely related to incubation temperature, leading to large negative effect sizes (Birchard, 2004) . In these models, we included a number of sources of non-independence between our effect sizes including study, species, and phylogeny (Nakagawa & Santos, 2012; Nakagawa et al., 2017; Noble et al., 2017a) . Details on model structure are provided in Appendix S2.
In addition to phylogeny-, species-and study-level non-independence, our data contained three sources of within-study covariance: (i) shared treatment comparisons, (ii) shared traits, and (iii) shared samples across treatments (e.g. split clutch designs) (Noble et al., 2017a) . We attempted to account for within-study covariance in our main analysis using the full data set, but this approach was computationally prohibitive. Thus, we conducted a sensitivity analysis using data subsets. Importantly, the addition of the within-study covariance matrix using smaller data sets did not impact our results greatly (see online Appendix S2 and Fig. S3 ). Therefore, in our main analyses we estimated model parameters and credible intervals assuming within-study covariance to be negligible. Ignoring the covariance will lead to decreased credible intervals around parameter estimates, increasing the probability of type I errors (Noble et al., 2017a) . However, this approach should not lead to biased parameter estimates. Finally, we quantified heterogeneity measures (I 2 ; Higgins & Thompson, 2002; Nakagawa & Santos, 2012) from intercept-only models; these can be interpreted as the proportion of variation explained by study, species and phylogenetic effects. See online Appendix S2 for further details.
(5) Multi-level meta-regression models
After estimating overall heterogeneity, we explored the biological drivers that we anticipated would moderate the effect of incubation temperature. In all models, we included sample sex as a covariate to account for same-sex, mixed-sex and opposite-sex comparisons. Our moderator variables allowed us to ask three major questions and explore how different study methods and temporal trends impact effect sizes. See online Appendix S3 for further information.
(a) Do the effects of incubation temperature differ among orders and trait categories?
To test whether effect sizes varied between trait categories, we extended our MLMA model by including a trait category moderator variable and interacting it with taxonomic order to account for the possibility that traits may respond differently to incubation temperatures in different orders. The posterior distribution for the mean effect size for each trait category across orders was calculated and estimates were applied to the folded normal to estimate the mean and 95% CIs of the absolute effect size for each trait category (Morrisey, 2016b) . Given that traits varied in their variance we estimated a residual variance for each trait category within each order, particularly given that the folded normal distribution is sensitive to estimates of residual variance. Incubation duration had a markedly different distribution with mainly all negative effects with extreme variance. As such, we modelled it separately by log-transforming the absolute effect sizes and assuming a Gaussian error distribution. The posterior distribution for each of the orders was then back-transformed to obtain the mean magnitude of effect on the absolute scale. The incubation temperature eggs experience is predicted to be one of the major explanatory variables causing heterogeneity in effect sizes across studies (Birchard, 2004; Deeming, 2004) . Additionally, species likely have different thermal reaction norm shapes (only part of which may be quantified by a given study), and eggs can be incubated under both fluctuating and constant thermal conditions, complicating simple comparisons (Deeming, 2004) . To characterise the impact of these modifiers on the effect size, we tested for linear, non-linear and interactive effects of treatment mid-temperature, temperature difference and the fluctuation in treatment temperature on effect size. We included quadratic and interaction terms in this model to account for the possibility that thermal reaction norms for traits in response to treatment temperature differences and mid-temperature may not be linear and may depend on their combined effects. We also included an interaction between linear and non-linear effects with trait type to account for the possibility that reaction norms for traits may be different. In addition to modelling Hedges' g, we also modelled absolute effect size (|g| + 0.001) using a log-normal distribution, as the folded normal is difficult to implement for continuous parameter estimates. We calculated conditional and marginal R 2 for these models to understand the amount of variance in effect sizes explained by temperature-related moderators (Nakagawa & Schielzeth, 2013) .
(c) Do the effects of incubation temperature decrease with age?
We tested whether the effect of incubation temperature decreases as the age of trait measurement increases. While we were interested in testing whether the effect of age shows similar patterns across trait categories, this was not possible because several trait categories had very few studies that measured traits at later ages. However, morphological and physiological traits did have at least two or more studies across all age categories and so we also ran two models to estimate whether effect size for these traits mirrored overall patterns (i.e. pooled across all trait types) across age. In these models, we also estimated different residual variances in each trait category and applied the folded normal conversion to the posterior distributions.
(6) Publication bias and methodological considerations
Publication bias results when studies that do not find statistically significant results are less likely to be published. This process may bias the sample of studies available and can impact results of a meta-analysis (Borenstein et al., 2009) . To test for publication bias we explored the relationship between meta-analytic residuals from our MLMA model and precision (SE g,i − 1 ), where SE g,i is the standard error of effect size i, using funnel plots. If publication bias exists, we expect to see a 'missing set' of effect sizes from studies with small sample size (low precision) (Borenstein et al., 2009 ). In the absence of publication bias, studies should be distributed symmetrically around the effect-size mean regardless of study precision.
Funnel plots may not, however, provide a clear indication of publication bias on their own. Therefore, we also tested for publication bias using a modified version of Egger's regression (Egger et al., 1997; Nakagawa & Santos, 2012 ; see online Appendix S3). Residuals from our models account for non-independence resulting from shared study, phylogeny and species effects. Lack of publication bias leads to a non-significant intercept (β 0 ) from Egger's regression suggesting that effects sizes come from a homogeneous, symmetrical distribution (Egger et al., 1997; Sutton et al., 2011) . We also tested for the number of missing studies using the trim-and-fill method (Duval & Tweedie, 2000) in metafor (Viechtbauer, 2010) . We additionally explored the influence of methodological moderators including differences in experimental design and the presentation of raw or adjusted statistics. We also tested for temporal trends by including a publication-year moderator in models. Code and data can be accessed from Noble, Stenhouse & Schwanz (2017b) .
III. RESULTS
We used data from 175 publications (published from 1974 to 2014), totaling 6440 pairwise effect sizes from 92 species. Each paper yielded an average of 36.8 ± 44.43 (mean ± S.D.) effect sizes, with a range of 1-200. Papers covered 1-6 trait categories (2.65 ± 1.5), with 1-26 individual traits (6.05 ± 5.44) compared across 1-36 temperature pairs (5.06 ± 6.5). The greatest taxonomic coverage was in Squamata, while Crocodilia and Rhynchocephalia showed poor coverage ( Fig. 2A) .
(1) Overall impact of incubation temperature on reptile phenotypes
As predicted, there was a significant negative weighted mean effect size of incubation temperature on incubation duration (g = −8.42, 95% CI = −10.73 to −6.63, N = 703). Accounting for large outlying effect sizes (i.e. constraining data to three S.D. above the mean) gave qualitatively similar results (not shown). Hot incubation temperatures strongly decreased incubation duration across all reptiles (Figs 3  and S4 ). Overall, differences between studies explained a significant proportion of heterogeneity in effect sizes for incubation duration (I 2 st = 0.35, 95% CI = 0.19-0.45), whereas phylogeny (H 2 = 0, 95% CI = 0-0.22) and species differences (I 2 sp = 0, 95% CI = 0-0.05) explained negligible amounts of variation.
Across all other trait types (behaviour, morphology, performance, survival, development, physiology), the overall weighted mean effect size of incubation temperature on phenotypic traits was negligible (g = −0.03, 95% CI = −0.19 to 0.10, N = 5737) (Fig. 3) . The magnitude of the effect of incubation temperature on phenotypic traits, however, was moderate to large (|g| = 0.75, 95% CI = 0.72-0.79) (Fig. 2B) . This result derives from strong effects in both positive and negative directions for all trait types contributing to a very small overall effect, demonstrating the challenges of focusing on the raw effect sizes. Importantly, however, heterogeneity in raw effect sizes could not simply be explained by chance given significant variation in effect sizes beyond sampling variability (I 2 t = 0.91, 95% CI = 0.90-0.91). Again, differences between studies explained a significant proportion of heterogeneity in effect sizes (I 2 st = 0.13, 95% CI = 0.09-0.2), whereas phylogeny (H 2 = 0, 95% CI = 0-0.07) and species-specific differences (I 2 sp = 0.02, 95% CI = 0-0.07) explained essentially no heterogeneity.
(2) Do the effects of incubation temperature differ among orders and trait categories?
The magnitude of the effect of incubation temperature on traits was moderate to large (i.e. absolute effect size, |g|) in most cases (Fig. 2B) . Unsurprisingly, the magnitude of the effect on incubation duration was substantially larger than for any other trait category (Fig. 2B) . In Squamata and Testudines, survival was strongly impacted by incubation temperatures and differed significantly from all other traits. Behavioural and physiological traits in Squamata were also strongly affected by incubation temperature (Fig. 2B) , differing significantly from other traits. Across orders, traits were mostly impacted in a similar way, although there was more variation among trait categories in Squamata compared to Testudines.
In comparison, the raw effect size (g) for traits across orders ranged from −10.98 to 0.55 (Fig. 3) . Incubation duration across all orders showed strong negative effects (−10.98 to −3.75; Fig. 3 ) and development in Testudines showed a significant positive effect size (0.55, 95% CI = 0.12-0.92), indicating that developmental traits in hot-incubated eggs were, on average, 0.55 S.D. units higher than cold-incubated eggs. Physiological traits in Squamata also showed a significant positive effect size (0.31, 95% CI = 0.02-0.62). However, these should be interpreted cautiously given that credible intervals are close to zero and these analyses do not control for within-study correlations. . N is number of effect sizes in the analysis and the posterior mean and 95% credible intervals are provided for each estimate. Posterior distributions of effects were taken from a model that included species, phylogeny and study as random effects and means in each group were applied to the folded normal distribution. Angled arrows indicate that credible intervals have been shortened to simplify visual presentation. Most studies incubated eggs at constant temperatures (N studies = 148); fewer studies (34 studies across 22 species) incubated eggs at fluctuating temperatures (± >0.5 to 7.5
• C fluctuation). We predicted that fluctuating temperatures would diminish the impact of increased incubation temperatures due to greater overlap in developmental temperatures. Fluctuating treatments had a tendency to decrease the effect across traits compared to constant temperatures and there was a slight tendency for this effect to be exacerbated when the temperature difference between treatments was large, but note that credible intervals overlapped zero for fluctuating temperature (T F ) and the interaction term between T F and temperature difference (T diff * T F ) (Tables 3-5 and Fig. S5 ). We predicted that, in general, the impact of increased incubation temperatures would increase as the change in temperatures became greater. If reaction norms were concave, however, we expected that there would also be a strong, nonlinear influence of mid-temperature between the treatments and an interaction between mid-temperature and temperature difference (e.g. a small increase in temperature would have a much bigger effect at extreme temperatures than at intermediate temperatures where phenotypic values peak). Temperature differences between the treatments ranged from 0.2 to 29
• C (mean = 4.52 Tables S2 and S3 , Fig. 6 ) across temperature regimes provide insight into the shape of the reaction norms for each trait category. However, because examining the effect size is a rather indirect method for describing reaction norms and because the apparent reaction norms vary across trait categories, we focus mainly on highlighting broad and salient results.
An illustration of how the parameter estimates relate to the reaction norm can be found by considering the assumed reaction norm for incubation duration (Fig. 1A) : incubation duration consistently declines as temperature increases, but flattens out at very high temperatures ( Figs 1A and 4) . With a reaction norm of this shape, we predicted: (i) that the magnitude of the effect increases as the temperature difference increases (Fig. 4 ; positive estimate for T diff in Table 3 ); (ii) that this increase in magnitude levels off Fig. 4 . Predictions of how mid-temperature and temperature difference impact the magnitude of effect (|g|) between hot and cold incubation treatments for incubation duration. Predictions are made over ±2 S.D. of the mean temperature difference between treatments and their mid-temperature. Dots indicate actual mid-temperature and temperature difference combinations for each trait category. Absolute effect size (|g|) is modelled using log-transformed data and back-calculated to absolute effect sizes presented in the colour key.
at increasingly greater temperature changes due to the flattening of the curve ( Fig. 4 ; negative estimate for T diff 2 in Table 3 ); (iii) that a given increase in temperature has a greater effect at cold temperatures than at hot temperatures [negative estimate for mid-temperature (T mid ) in Table 3 ]; and (iv) that larger temperature increases will have a greater effect at cold temperatures than at hot temperatures (Table 3 , not supported by T mid * T diff ). We also found a particularly low impact of increasing incubation temperatures at high mid-temperatures (negative estimate for T mid 2 in Table 3 ), suggesting a fairly flat relationship between incubation duration and temperature at high temperatures. These effects remained even when accounting for the largest outliers (i.e. setting all values greater than 3 standard deviations to 3S.D. -results not shown). Thus, the significance of the temperature terms considered here is driven by the shape of the reaction norm.
The magnitude of the effect of incubation temperature (|g|) on other trait categories also depended on mid-temperature and temperature difference, but this differed among the traits. Temperature differences between two incubation temperatures had a large impact on the magnitude of the effect across traits, with increased temperature differences leading to larger magnitude of effect for all traits except behaviour (T diff ; Tables 4 and 5; Figs 5 and S6). The mid-temperature between the two incubation treatments had a less-consistent impact on the magnitude of effect, and there was evidence for non-linear patterns (T mid and T mid 2 ; Tables 4 and 5; Figs 5 and S7); however, some clear results were apparent. For behavioural traits, model predictions suggest that the impact of increasing incubation temperature is greater at lower temperatures than at higher ones (T mid ). By contrast, for morphological traits, the impact is much higher at higher mid-temperatures than at lower ones (T mid and T mid 2 ). For performance and survival, the magnitude of the effect is greatest at cold and hot mid-temperatures and lowest at intermediate mid-temperatures. The predicted magnitude of effects for each trait category were moderate to large (see intercepts in Tables 4 and 5) , although the full model explained very little variance in absolute effect sizes (marginal R 2 = 10%). Similar conclusions can be drawn when considering the influence of temperature regime on raw effect sizes (g) with additional insight into the shape of thermal reaction norms (Figs 6, S8 and S9; Tables S2 and S3) . Performance, morphology and survival largely showed similar predicted patterns, with positive effects of increasing temperature difference (hot > cold) at lower mid-temperatures and negative effects (hot < cold) at high mid-temperatures; these trends are as one would predict for reaction norms with optimal phenotypes at intermediate temperatures (Fig. 1B) . More complicated patterns were evident for behavioural, developmental and physiological traits, although all demonstrated negative effect sizes (decreasing phenotypic values) at high mid-temperatures. Marginal R 2 for the full model was 29%, whereas when considering the variance explained by both the fixed and random effects R 2 (conditional R 2 ) was 42%.
(4) Do the effects of incubation temperature decrease with age?
Most studies measured traits on offspring between 0 and 10 (N = 4075 effects across 140 studies) and 11-180 (N = 1228 effects across 50 studies) days of age. By contrast, only 20 (N = 345 effects) and 8 (N = 89 effects) studies measured traits between 181 and 365 and greater than 365 days, respectively (Fig. 7A) . Forty-two papers presented measurements of traits at hatching and at least one other age category. All trait categories were represented across all age groups except performance, which was never measured at greater than 365-days post-hatching (Fig. 7A) . Only 14 of 88 species (excluding incubation duration) were measured beyond 180 days, but representatives from each order were measured beyond this stage. To ensure that these effects were not the result of temperature differences between age categories we tested whether mid-temperatures were different across age categories. Comparing deviance information criteria (DIC) of models with and without age as a categorical variable (temperature as response and study as random effect) showed that temperature did not differ between age categories ( DIC = 5.14). Additionally, temperature differences between age categories also did not differ ( DIC = 2.76).
The effect of incubation temperature did not decrease across age categories as predicted (but see Figs S10 and S11), and the magnitude of the effect across age categories was moderate to large (|g|, black diamonds in Fig. 7B ). Only morphology and physiology were measured with Fig. 5 . Predicted absolute effect (|g|) of mid-temperature and temperature difference on the magnitude of effects across six trait categories (behaviour, development, morphology, performance, physiology and survival). Predictions are made for mixed-sex comparisons at constant incubation temperatures. Dots indicate actual mid-temperature and temperature difference combinations for each trait category. Predictions are marginalized over the random effects. Absolute effect size (|g|) is modelled using log-transformed data and back-calculated to absolute effect size presented in the colour key. sufficient sample sizes across all age categories to explore patterns within trait categories. The magnitude of effects observed for physiological traits was large (Fig. 7B , orange circles) but mirrored overall effects across age, whereas morphological traits (Fig. 7B , green circles) across age showed a weaker effect, particularly at the 181-365-day age category.
Significant overall effects (g) of incubation temperature were apparent in the 181-365-day age category (Fig. 7B , black circles), with a small to moderate effect size where eggs in warmer incubation temperatures had, on average, 0.42 S.D. larger trait values than cold-incubated eggs. Effects later in age (>365 days) tended to show a similar positive mean effect (i.e. hot > cold), although the late age category did not differ significantly from zero.
(5) Publication bias and methodological considerations
There was little evidence of publication bias across trait types and effects were symmetrically distributed around the mean (Fig. 8A) . The intercept from Egger's regression, however, was significant (0.25, 95% CI = 0.12-0.37), indicating possible publication bias. Even so, this effect was small and statistical significance was likely due to our large sample size. Trim-and-fill analyses support a lack of publication bias, and suggested that no effects were missing on the left or right side of the funnel plot (P = 0.5). While there was a very slight tendency for effect size to decrease across years, credible intervals overlapped zero (−0.08; 95% CI = −0.14 to 0).
The data set contained 643 effect sizes provided as least-square-adjusted means and therefore accounting for covariates (e.g. body size, egg mass), whereas the vast majority of estimates were raw descriptive statistics (N = 5797). Effect sizes calculated with raw descriptive statistics were not different from effect sizes calculated with adjusted values (parameter estimate = 0; 95% CI = −0.13 to 0.11).
Most study designs consisted of splitting all eggs within clutches across incubation treatments (i.e. 'split-clutch pseudo'; N =126); fewer studies split clutches such that only one egg from a clutch was in each incubation treatment (i.e. 'split-clutch'; N =17). Three studies were classified as having 'independent-pseudo' designs and the last 29 studies could not be classified (i.e. 'other'). Study design did not impact overall effect-size magnitude, although there was a slight tendency for split clutch and independent pseudo study designs to generate positive effect sizes (Fig. 8B) .
IV. DISCUSSION
The impact of reptilian incubation environments on phenotypes remains an important research topic with evolutionary and conservation implications. While the general conclusion from qualitative reviews is that Fig. 6 . Predictions of how mid-temperature and temperature difference impact effect size (g) between hot and cold incubation treatments for each trait category. Predictions are made over ± 2 S.D. of the mean temperature difference between treatments and their mid-temperature. Dots indicate actual mid-temperature and temperature difference combinations for each trait category. Predictions are marginalized over the random effects. Effect size is presented in the colour key.
temperature can have dramatic consequences on phenotypes (Birchard, 2004; Booth, 2004; Deeming, 2004) , effective generalization across contexts has been hindered by the lack of quantitative syntheses. Here, we provide the first quantitative synthesis on the influence of incubation environments on reptile phenotypes across 92 different species representing all orders; attempting to understand general patterns and gain new insights. We have clarified the overall strength of effects as well as current gaps and limitations in this field. The insights generated should set the foundation for future research directions, essential if we are to appreciate more fully how early thermal environments orchestrate phenotypic development.
Our results are largely congruent with those of Deeming (2004) in that incubation environments can impact offspring phenotypes in important, but in many cases unpredictable, ways across reptiles. Because the reaction norms of phenotype versus temperature are likely to be nonlinear, examining the 'effect' (via meta-analysis) of increasing incubation temperatures is challenging given the existence of both positive and negative effects (both increasing and decreasing phenotypes). Similar challenges arise for any synthetic approach to nonlinear relationships (Kingsolver et al., 2012) . Here, we have taken the dual approach of considering both the raw and absolute value of a pairwise effect size.
The raw effect size includes information on the direction of the effect, and thus allows clearer interpretation of the shape of the underlying reaction norm. For example, the existence of positive effects at cold temperatures and negative effects at warm temperatures is suggestive that intermediate temperatures may be more optimal for the phenotype (Fig. 1B) . Of course, this would need to be validated by testing whether fitness is also maximized at these temperatures. However, focusing on the overall mean of the raw effect sizes gives the false impression that incubation temperature has a negligible impact on phenotypes (see Fig. 3 , except incubation duration). By contrast, considering the absolute value of effect size estimates (|g|) reveals that the magnitude of the impact of temperature across many traits was in the proximity of what Cohen (1988) considered large effects (i.e. g > 0.8) (Fig. 2) . Moreover, examining the magnitude of the effect revealed the importance of the difference in temperature treatments and informs comparisons across ages and trait categories.
(1) Differential effects of incubation temperatures across traits
Developmental plasticity should result in traits responding to early thermal environments differently, yielding a characteristic phenotypic change (or lack of change) as embryos experience different thermal environments (i.e. N is the total number of effects in each age category and 'stdy' is the total number of studies. (B) Weighted mean effect size (g, black circles) and absolute effect size (|g|, black diamonds) across age. Average absolute effect size is also provided for morphological (|g|, green circles) and physiological (|g|, orange circles) traits for which sufficient data across all age categories existed (trait colours match legend in (A)). Values are estimated means for a mixed-sex sample. Estimates (95% credible intervals) are also provided. thermal reaction norm; Angilletta et al., 2003) . Reaction norms may show characteristic non-linear or linear patterns or be constrained over a wide thermal range. In general, how traits respond to incubation environment should depend on how past selection has shaped the thermal reaction norm, and is thus difficult to predict a priori when only a portion of the thermal reaction norm is characterized; as was the case across most studies in our meta-analysis.
Nonetheless, some traits were more strongly impacted than others, a result that was observed across orders. Specifically, the magnitude of survival was quite large across all orders, but particularly so for Squamata and Testudines. Behaviour and physiology were also strongly impacted by incubation temperature in Squamata suggesting that incubation temperatures can impact the development of the hatching phenotype in important, yet unpredictable, ways.
To understand these patterns more fully, it will be important to characterize a greater range of incubation temperatures in the same population, and determine how developmental systems change in response to temperature. Such studies are necessary in order to make more definitive broad-scale comparisons on the impact of incubation temperatures on phenotypes. Temperature and its impact on different traits explained 10 and 29% of the variability in effects in |g| and g, respectively. There was substantial variation among trait categories in how the temperature regime (i.e. mid-temperature, temperature difference and fluctuation) impacted phenotypes. We hypothesize that this pattern primarily reflects variation in the phenotypic reaction norms in response to temperature. While reaction norm shape is best examined with the trait values themselves, we can gain insight using our pairwise comparisons between mean phenotype at different temperatures. Most notably, the parameter estimates and figures support a nonlinear, declining curve shape for incubation duration as incubation temperature increases (Fig. 1A) . For survival, performance and morphology, the results are congruent with expectations of a concave curve, with poorest phenotypic values at the coldest and hottest temperatures (Fig. 1B) . We expect that direct analysis of reaction norms across species will demonstrate these consistent patterns where sufficient data are available.
In all cases except behaviour, a greater increase in temperature difference between treatments led to a greater impact on phenotypes. In addition, fluctuation in temperatures tended to diminish the impact of increased temperatures in laboratory-based incubation experiments, but this effect was weak and our confidence in examining the effect would greatly increase with additional data on temperature fluctuations and a greater understanding of embryo traits that maintain development despite fluctuations (Du & Shine, 2015) . In particular, we might expect that the impact would diminish as fluctuations increased on a continuous scale. Due to small sample sizes of 'non-constant' treatments, we categorized treatments into 'constant' and 'fluctuating', which may mask the impact of very high fluctuations. Natural nest temperatures are known to fluctuate strongly and increased thermal variation is predicted to increase with a warming climate (Vázquez et al., 2017) , suggesting that the effects of incubation temperature on phenotypes in the wild may be weaker than that reported here.
It is worth noting that these patterns were apparent despite the fact that we examined numerous species, which may have species-specific reaction norms, and based on studies with varied temperature treatments. Considering the data in aggregate in this way highlights central aspects of evolutionary ecology, particularly selection on maternal nesting behaviour (Mainwaring et al., 2016) . Given that extreme temperatures appear to impact hatchling survival and phenotype the most, maternal nesting behaviour may reflect selection to avoid extreme (particularly extremely hot) nest temperatures (Refsnider & Janzen, 2010) .
(2) Long-term effects of incubation temperatures on reptile phenotypes
Early environments have long-lasting effects on phenotypic development across a diverse set of species (Lindström, 1999; West-Eberhard, 2003; Kerr et al., 2007; Monaghan, 2008; Burton & Metcalfe, 2014) . However, one might expect the strength of these effects to decrease over time as developmental systems are impacted more by current environmental experiences (Deeming, 2004) . We did not find evidence that phenotypic impacts of incubation temperatures diminished over time. By contrast, effects later in life (181-365 days post-hatching) had the strongest impact on phenotypes compared to earlier age categories, particularly for physiological traits (Fig. 7B) . While strong effects between 181 and 365 days post-hatching may result from specific studies that happened to measure animals beyond 6 months, they do suggest that the effect of incubation temperature can persist well beyond hatching, supporting a host of studies that have shown persistent effects of early life experiences (reviewed in : Lindström, 1999; Monaghan, 2008; Burton & Metcalfe, 2014) . The possibility that incubation effects could even become exacerbated later in life provides a strong motivation for studies collecting data longitudinally in order to test this pattern more robustly.
The potential for incubation effects to persist late into life has particular relevance for adaptive evolutionary hypotheses of sex-determining mechanisms (Shine, 1999b) . Across reptiles, some populations have genotypic sex determination (GSD), largely mediated by sex chromosomes, while other populations exhibit temperature-dependent sex determination (TSD), whereby sex is permanently established during embryonic incubation by temperature (Valenzuela & Lance, 2004) . Adaptive hypotheses to explain this variation assume that some phenotypic effect established by temperature during embryonic development impacts the fitness of offspring in a sex-specific fashion (Shine, 1999b) . While the persistence of effects is not strictly necessary, many adaptive hypotheses assume that phenotype and fitness effects persist into adulthood (Shine, 1999b; Schwanz et al., 2016) . Our finding that effects can persist lends plausibility to hypotheses that rely on persistent effects throughout life.
How might incubation temperatures in reptiles induce persistent effects throughout life? Different incubation temperatures in reptiles likely elicit organizational changes to cells and tissues through epigenetic modifications, and thus changes in gene expression. These effects can include permanent histone modification, changes to DNA methylation or effects on non-coding RNA molecules (Burton & Metcalfe, 2014; O'Dea et al., 2016) . Indeed, Paredes et al. (2016) found that low incubation temperatures in wall lizards (Podarcis muralis) result in developmental stress eliciting genome-wide DNA hypomethlyation. The important role of temperature in orchestrating developmental shifts is also known for species with TSD, including organizational changes in bearded dragons (Pogona vitticeps) that ultimately lead to sex-reversal (Quinn et al., 2007) .
Although early developmental environments can have profound organizational effects on the phenotype, the mechanistic basis for these effects is still unclear in most species.
(3) Ecological, evolutionary, parental and methodological mediators of incubation temperature Our analyses detected much unexplained variability (R 2 values were only between 10 and 42%) that cannot be accounted for by the main biological factors examined here. Total heterogeneity among effects was also large (∼90%), indicating that sampling error (i.e. chance) alone cannot simply explain the variability in effect sizes we observed. This level of heterogeneity is not uncommon in most biological meta-analyses (Senior et al., 2016) , and suggests that effects may not be easily generalizable -even when accounting for temperature differences among studies. We also found little support for phylogenetically conserved or species-specific responses, as was hypothesized to be important by Deeming (2004, p. 249) , although this may change with the addition of more species and more-robust phylogenetic analyses. By contrast, our analyses imply that the particular characteristics of the study (e.g. local environments or particular population attributes) may be more important mediators of the effect of incubation environment on phenotype.
Several potential drivers exist. First, the effects of incubation temperature may be strongly mediated by maternal and/or parental effects, especially given the experimental nature of the studies included in our meta-analysis (i.e. in many cases eggs were not directly exposed to nesting environments). Parental effects, particularly maternal effects, have substantial impact on offspring phenotypes (Mousseau & Fox, 1998; Marshall & Uller, 2007; Räsänen & Kruuk, 2007; Uller, 2008; Noble et al., 2014; Schwanz, 2016) . Maternal environment can lead to complex developmental programming, such that mothers adaptively match offspring to local environments, buffer them against environmental stressors, or in the case of a mismatch, even negatively impact offspring fitness (Marshall & Uller, 2007; Miller et al., 2012; Allan et al., 2014) . For example, in one viviparous lizard species, the effect of early thermal environment is mediated by female food resource availability (Itonaga, Jones & Wapstra, 2012) , and similar processes prior to, or during ovulation, may be at work in oviparous taxa. Parental effects can include changes in yolk hormone concentrations, transfer of mRNA and immunological factors, changes in lipid and protein concentrations in the egg, clutch size and epigenetic programming (Mousseau & Fox, 1998; Morgan et al., 1999; Bowden et al., 2004; Groothuis & Schwabl, 2008; Hesselquist & Nilsson, 2009; Burton & Metcalfe, 2014; Tschirren, 2015) . The impact of parental effects on phenotypic development can be complex, particularly when considering the interaction between parental effects and early offspring environment (Stratmann & Taborsky, 2014) . These interactions may account for the large unpredictable effects of incubation environment on offspring phenotype and may even mediate the magnitude of response to early thermal conditions (Miller et al., 2012; Allan et al., 2014) . This hypothesis should be considered carefully in the future. Experiments manipulating, in a fully factorial way, both the maternal and offspring environment will go a long way to elucidating whether parental effects play an important role.
Second, local selection pressures are likely responsible for moderating the impact of thermal environments on phenotypes by moulding thermal reaction norms. Indeed, we anticipate variation both among species and populations in thermal reaction norms, some of which may be adaptive. For example, survival curves for green sea turtles (Chelonia mydas) differ between populations that nest on black versus pale sand beaches (Weber et al., 2012) . Selection based on local climate, nesting conditions or post-hatching ecology is expected to shape optimal temperatures, developmental sensitivity and canalization (Angilletta et al., 2003) . Different reaction norms between populations would explain the lack of phylogenetic conservatism and species-specific responses in our data, however, we still know very little about how much within-and between-population variation exists in thermal reaction norms and this would be a fruitful area of research.
Third, different life histories and/or demographic structure of populations may also contribute to the unexplained variation in effects across reptilian taxa. Reptile populations can vary substantially in their mode of reproduction, age at sexual maturity, offspring size, and offspring number (Shine, 2005) . Life-history traits such as lifespan, generation time and age at sexual maturity -traits falling along a fast-slow pace-of-life continuum -may impact the magnitude of effect by shaping the strength of selection on thermal reaction norms. Populations with short generation times or higher juvenile survival may be predicted to have more-canalized responses to incubation environment, particularly if survival is strongly affected. By contrast, populations with greater longevity, later age of sexual reproduction and lower juvenile survival may exhibit greater plasticity because early-life effects on phenotypes may be offset through post-hatching development. However, we acknowledge that arguments for the opposite prediction could be made, and clear a priori hypotheses regarding the specific role of life-history and demographic effects on thermal reaction norms is not entirely clear. While these traits may have some explanatory power, we were not able to extract sufficient detail from most studies to test whether population life history or demography play a role in explaining effect-size heterogeneity. Additionally, it is unlikely that using species-level data would be sufficient given that variation in effect-size estimates could not be explained by between-species differences (i.e. small variance estimate for species-level random effect). Future comparative work will be necessary to understand the role of population-level characteristics in mediating the impact of incubation temperature.
Finally, effect-size heterogeneity can result from methodological differences between studies (e.g. different incubators, experimental design, moisture levels) (Higgins & Thompson, 2002; Higgins et al., 2003) . However, while we were not able to include moderators for all aspects of experimental design, we did not find evidence that certain experimental designs or statistical approaches (i.e. raw versus adjusted statistics) led to different overall effects. Nonetheless, methodological differences such as moisture levels, which have a major impact on phenotypes in reptiles with flexible-shelled eggs, may be a possible methodological factor mediating the strength of effect and should be investigated in future meta-analyses (Booth, 2004) .
(4) Climate change and conservation implications
Climate change is expected to have important, and often negative, consequences for ectotherms (Deutsch et al., 2008; Sinervo et al., 2010; Munday et al., 2013) . Nest temperatures (and their thermal variance) are predicted to increase with global climate change, impacting reptile phenotype and fitness (Hays et al., 2003; Mitchell et al., 2008; Vázquez et al., 2017) . The ability to cope with climate stressors is thought to be mediated primarily through phenotypically plastic responses, allowing populations to shift phenotypic distributions to new optima (Visser, 2008; Chevin, Lande & Mace, 2010; Merilä, 2012) . Behavioural compensation by egg-laying females (e.g. the use of shaded areas for nests or deeper nest sites; Schwanz & Janzen, 2008; Telemeco et al., 2009; Refsnider et al., 2013; Mainwaring et al., 2016) or interactions between thermal environments and parental effects [e.g. see Miller et al. (2012) in response to CO 2 ] have the potential to dampen or exacerbate negative effects. However, it is largely unclear whether this will be the case. Based on our results, increased nest temperatures will impact populations through three likely pathways: phenology, hatching success, and post-hatching phenotypic effects.
First, the extraordinarily large effect of incubation temperature on incubation duration will alter the phenology of hatchings, strongly advancing hatching date under warming temperatures. However, it is important to note that the magnitude of this effect levels off as very hot temperatures are reached. Early hatching often has positive impacts on post-hatching fitness (Warner & Shine, 2007) , although the potential for a mismatch with the seasonal timing of resource availability and predation pressure could create unanticipated challenges for populations (Visser & Both, 2005; Willette, Tucker & Janzen, 2005) .
Second, we found that survival was strongly impacted by incubation temperature, where records of 'survival' were largely hatching success. In this trait category, we found the largest effect of incubation temperature at cold and hot temperatures, and a lower effect at intermediate temperatures. This finding has important implications for our understanding of the mechanisms contributing to widespread population extinctions observed in oviparous reptiles (Sinervo et al., 2010; Walker, Stuart-Fox & Kearney, 2016) , suggesting that more extreme nest temperatures experienced by eggs may also result in increased egg mortality that could have important consequences on population viability.
Finally, the moderate to strong impacts of incubation temperature on post-hatching phenotypes have potential fitness consequences. For example, performance and morphology were affected more strongly at warm temperatures, suggesting developmental instability at extreme temperatures (Telemeco et al., 2013; Dahlke et al., 2016; Sinclair et al., 2016) , whereas behaviour showed decreased effects. Information about which phenotypes are most closely tied to fitness will be necessary to appreciate fully the consequences of phenotypic change on fitness and population viability. Additionally, incubation temperatures can also have strong impacts on hatchling sex ratios, and this combined effect needs to be incorporated for species with TSD (Mitchell et al., 2008; Holleley et al., 2015; Boyle et al., 2016) .
Climate change is only one of many factors leading to reptile declines worldwide. Habitat destruction along with persecution and illegal (or legal) harvesting for medicine, food and/or the pet trade are recognized as major threats (Gibbons et al., 2000; Böhm et al., 2013) . Alleviating these stressors on populations is a major goal of conservation initiatives. Some of these initiatives rely heavily on captive breeding and management programs to bolster populations (Gibbons et al., 2000) . Manipulating early environments has thus been suggested as an important tool to modify phenotypes for positive conservation outcomes (Crews et al., 1994) . It is easy to see the practical advantages of such an approach; modifying early thermal environments is an easy way to allow commercial or conservation organizations to produce larger, more robust offspring with faster growth rates and increased survival. Although this approach may seem useful and practical (e.g. for species with TSD), our analysis troublingly shows that incubation temperatures can produce unpredictably strong effects on phenotypes. Additionally, the long-term consequences of such manipulations are still far from clear. It is therefore important that such programs demonstrate repeatable developmental outcomes of incubation temperatures given a set of experimental conditions and try to understand the long-term fitness consequences of these manipulations if such approaches are to be a success.
(5) Future research directions
Future work will be needed to understand fully the causal biotic and abiotic factors mediating the effects of incubation temperatures on reptile phenotypes and survival. Additional data, more detailed experiments and new analytical techniques will no doubt shed important insights, but it is clear that much work is needed to clarify the developmental consequences of thermal environments for fitness and population persistence. Elucidating such effects has great urgency in order to appreciate the impact of climate change on reptile populations worldwide, and to ensure consistent success for conservation programs. We see a number of extremely important research questions worth pursuing: (i) how do phenotypic reaction norms vary across taxa, populations and traits (survival and performance may be particularly useful targets)? (ii) Do transgenerational parental effects, including via epigenetic, hormonal and RNA-based mechanisms, exacerbate or dampen the impact of incubation temperatures on hatching phenotypes? (iii) For how long do effects of incubation temperature on phenotypes manifest and what are their consequences for long-term fitness? (iv) Do the long-term impacts of incubation temperature differ across traits and, if so, why? (v) How will natural nest temperatures (mean and their variance) be impacted by climate change?
This research will be facilitated by gathering more data on thermal reaction norms (or thermal performance curves) across a wide range of plausible temperatures and a number of independent and functionally relevant phenotypic traits (e.g. escape behaviour, performance, metabolism). Population-level comparative analyses may be particularly fruitful in elucidating answers to the above questions.
V. CONCLUSIONS
(1) The magnitude of the phenotypic effect of incubation temperature is moderate to large across orders, trait categories and ages. There is no evidence that this effect is substantially larger in any single order of reptiles, although data are sparse for Rhynchocephalia (a species-poor order) and Crocodilia.
(2) Effects of incubation temperature can persist for many months post-hatching. Sampling is poor for ages >1 year, thus more data would be useful in increasing our confidence in the persistence of effects.
(3) The effect of temperature on incubation duration is much stronger than on any other trait category. Survival also stands out with particularly strong effect sizes, while the relative strength of other trait categories varies in ways that compels more detailed comparison of reaction norms.
(4) Temperature fluctuations in the incubation environment potentially decrease the phenotypic effect of different mean temperatures, particularly when the temperature differences between treatments are large (although not significantly). More data are needed from fluctuating temperature regimes to assess more rigorously whether this tendency is real, and to quantify the impact of increasing fluctuation.
(5) On average, increased temperature changes lead to greater phenotypic effects. Despite expectations that the exact impact of warming incubation temperatures will depend on the trait studied and the shape of the reaction norm, we can say that, on average, nest temperatures that increase by 4
• C would have a greater impact on nearly all phenotypes than would an increase of 2
• C. (6) The effect of increased incubation temperature depends on the temperatures experienced (mid-temperature), and this dependence varies according to trait type. Survival, morphology and performance were affected more strongly at extreme temperatures compared to intermediate temperatures indicating that increasingly warmer nest temperatures will accelerate change in these traits. Thus, collecting phenotypic data from extreme incubation temperatures is important.
(7) Substantial variation in the magnitude and direction of the phenotypic effects of incubation temperature remain unexplained. Future research should quantify the shape of the reaction norm to explore interspecific variation along with how parental and/or ecological effects might mediate responses.
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